SUMMARY: Adult-onset leukoencephalopathy with axonal spheroids and pigmented glia is a rare neurodegenerative disease resulting from mutations in the colony stimulating factor 1 receptor gene. Accurate diagnosis can be difficult because the associated clinical and MR imaging findings are nonspecific. We present 9 cases with intracranial calcifications distributed in 2 brain regions: the frontal white matter adjacent to the anterior horns of the lateral ventricles and the parietal subcortical white matter. Thin-section (1-mm) CT scans are particularly helpful in detection due to the small size of the calcifications. These calcifications had a symmetric "stepping stone appearance" in the frontal pericallosal regions, which was clearly visible on reconstructed sagittal CT images. Intrafamilial variability was seen in 2 of the families, and calcifications were seen at birth in a single individual. These characteristic calcification patterns may assist in making a correct diagnosis and may contribute to understanding of the pathogenesis of leukoencephalopathy.
A dult-onset leukoencephalopathy with axonal spheroids and pigmented glia (ALSP) is a rare inheritable neurodegenerative disease caused by a mutation in the colony stimulating factor 1 receptor (CSF1R) gene. Before discovery of the causative gene, the term "hereditary diffuse leukoencephalopathy with spheroids or pigmented orthochromatic leukodystrophy" was used to describe patients with the clinical and neuropathologic phenomena, which are now associated with ALSP. ALSP has been proposed to encompass both of these diseases because of the clinical and pathologic overlap between them 1,2 and because CSF1R mutations have been identified in families with both of these diseases. 3, 4 Although ALSP may be observed anywhere in the world, it seems to be relatively common in Japan. 5 The clinical presentation of ALSP is heterogeneous. Some patients show parkinsonian features, 6 while others, particularly young women, are sometimes misdiagnosed as having multiple sclerosis. 7, 8 Imaging findings may be helpful to distinguish these differential diagnoses. Patients with ALSP have several characteristic white matter findings that can be seen on MR imaging, including patchy and later diffuse nonenhancing lesions predomi-nantly in the frontal and parietal regions, a thinning of the corpus callosum accompanied by abnormal signal intensity, lesions in the pyramidal tracts, and foci of restricted diffusion on DWI, which persists at least for months. 5, [9] [10] [11] Patients can also show disproportionately large lateral ventricles for their age and cortical atrophy as the disease progresses. These findings are commonly seen in patients with ALSP but are not specific. Furthermore, calcifications in the white matter can be detected in some patients with ALSP by CT. 5, 12 However, the clinical significance and pathogenesis of the calcifications remain unclear. Here we describe 9 cases of ALSP with a characteristic distribution of white matter calcifications on head CT. These calcifications allow correct and timely diagnosis of ALSP.
CASE SERIES

Clinical Presentations and Brain CT Findings
Due to the retrospective nature of the study, the acquisition criteria for the CT scans were variable. The sagittal and coronal images were reconstructed with MPR methods.
Case 1
A 37-year-old woman noticed that the slipper on her right foot came off while walking. She developed difficulties with writing and speaking, motor aphasia, general spasticity, gait disturbances, and increasing micturition frequency. She was diagnosed with MS and treated with steroid therapy and interferon ␤-1b without any benefit. The disease progressed rapidly. Cognitive impairment, tremor, and right-sided hemiconvulsion appeared; she required a gastrostomy due to severe dysphagia. She was bedridden at 41 years of age. Her family history was not notable. A brain CT scan showed punctate calcifications in the frontal and parietal subcortical white matter bilaterally (Fig 1A-C) . On sagittal images, these calcifications had a symmetric "stepping stone appearance" in the frontal pericallosal regions (Fig  1D-F) .
Case 2
A 30-year-old woman initially presented with gait disturbances followed by cognitive impairment and personality changes, which rapidly progressed. A year later, she had severe dementia. She was found to have total aphasia, indifference, abnormal eating behavior, hyperreflexia, and ataxic gait. A demyelinating disorder was suspected; steroid therapy resulted in no benefit. None of her family members had any similar symptoms.
A CT scan showed brain calcifications predominantly in the bilateral parietal subcortical white matter (Fig 2A-C) . Some of them appeared to be located in the cortex on axial images; however, they could definitely be seen in the white matter on coronal images (Fig 2D) . She also had very small bilateral calcifications in the frontal white matter.
Cases 3 and 4
A 27-year-old woman had difficulty releasing items she was holding in her left hand. Subsequently, she developed gait dis- turbances, tremor, micrographia, postural instability, urge incontinence, and constipation. She was euphoric and had frontal lobe dysfunction. She also had apraxia, left alien hand syndrome, forced grasping, and spastic gait by 28 years of age. She was treated with steroid therapy, which did not benefit her condition.
Her father (case 4) insidiously developed cognitive impairment and personality changes around 58 years of age. He became irritable and could not do simple calculations or 2 different tasks at the same time. He did not think that his daughter's condition was serious. He mainly had cognitive and frontal lobe dysfunctions.
He did not have any parkinsonian symptoms, but he did have truncal imbalance and hyperreflexia in his lower limbs.
A brain CT scan of case 3 showed bilateral punctate calcifications in the frontal white matter adjacent to the anterior horns of the lateral ventricles ( Fig 3A) . On sagittal CT images, these calcifications had a characteristic symmetric stepping stone appearance ( Fig  3B) . The brain CT scan of case 4 displayed small bilateral calcifications in the parietal subcortical white matter, but we could not see any frontal calcifications on 4-mm-thick axial images ( Fig 3C) . However, on the 1-mm-thick sagittal images, we observed the characteristic stepping stone appearance of calcifications on the anterior part of pericallosal regions (Fig 3D) .
Case 5
The clinical and MR imaging findings of case 5 have already been reported. 3, 10 In brief, this woman exhibited cognitive decline, psychiatric symptoms, apraxia, and spastic-ataxic gait impairment when she was 24 years of age. She was born prematurely but had essentially normal development until disease onset. She had no family history of neurodegenerative disease. Several calcified lesions were detected in the frontal and parietal white matter on a CT scan obtained 1 month after birth (Fig 4A-C) . Toxoplasmosis, Other agents, Rubella (also known as German measles), Cytomegalovirus, and Herpes simplex (TORCH) syndrome had been suspected at that time, but she had not been definitively diagnosed. The calcifications remained visible when she was 24 years of age (Fig 4D-H) . Most interesting, some of them, especially the ones in the frontal white matter, seemed to have decreased in size. The calcifications were symmetric and had the characteristic stepping stone appearance on sagittal imaging (Fig 4G, -H) . 
Case 6
This case has been included in previous reports. 3, 6, 9 The female patient exhibited cognitive impairment and depression from 18 years of age. Subsequently, parkinsonian signs such as hypomimia, bradykinesia, and rigidity developed. Her symptoms gradually worsened. Her mother, who died at the 30 years of age, had similar symptoms and seizures. The mother was diagnosed as having ALSP by postmortem examination.
Small calcifications were observed bilaterally in the frontal white matter on CT (On-line Fig 1A, -B) . The stepping stone appearance was seen on the sagittal view (On-line Fig 1C, -D) .
Cases 7 and 8
Some of the clinical findings of case 7 have been previously reported. 3, 6, 12 The male patient's initial symptoms were forgetfulness and difficulty finding words at 58 years of age. His cognitive function deteriorated rapidly. He had depression, apraxia, aphasia, agraphia, parkinsonian symptoms, hyperreflexia, myoclonus, seizure, and urinary incontinence during his disease course. He died at 62 years of age and was diagnosed as having ALSP by postmortem examination and genetic testing.
It was previously reported that there was no evidence of brain calcifications on either CT scans or pathologic analysis. 12 However, when his brain CT images were reviewed, we identified extremely small calcifications in the bilateral frontal white matter (On-line Fig 2A) .
His sister (case 8), whose clinical features have also been previously reported, 11 had genetically confirmed ALSP and brain calcifications. Her calcifications were scattered and distributed predominantly in the parietal subcortical white matter, particularly on the right side. 12 There was clear intrafamilial variability of the pattern of calcifications.
Case 9
A 67-year-old man initially presented with balance difficulties and multiple falls at 57 years of age. Cognitive impairment and speech problems began around 63 years of age. On neurologic examination, he showed ideomotor apraxia, vertical gaze limitations, frequent stammer, dysarthria, dysphagia, unusual flexor posturing of his fingers and wrists, reduced arm swing, diffuse rigidity, subtle action tremor in his right upper arm, difficulty in initiating gait, small steps with postural instability, and urinary incontinence. In addition, he had depression with occasional suicidal thoughts. He was clinically suspected of having corticobasal syndrome. He died at 68 years of age. Postmortem findings were comparable with those for ALSP. The brain CT showed very small bilateral calcifications in the frontal white matter adjacent to the anterior horns (On-line Fig  2B-D) . This case only had axial images available, and we could not identify any parietal calcifications on the available 3-mm axial images.
Brain MR Images
Although the degree of lesions was variable for each case, all except 1 case (case 9) showed typical findings consistent with ALSP (Fig 5) . The MR images of cases 5 and 6 have been presented previously.
9,10 Unfortunately, we did not have MR images of case 9. Of note, there was intrafamilial variability between cases 3 and 4. The calcifications in cases 2, 3, and 6 were not apparently recognized by T2* at 5-mm section thickness.
Genetic and Functional Analyses of CSF1R
All genetic studies were conducted with approval by the institutional review board of Niigata University School of Medicine and Mayo Clinic Florida. We identified 3 novel heterozygous muta- tions in 4 cases ( 3 We could not analyze case 9 because the samples were not available.
We also showed that the novel missense mutant CSF1Rs were not autophosphorylated after treatment with CSF1R ligands (colony stimulating factor 1 and interleukin-34) and that abnormal splicing was induced by the novel splice-site mutation by using functional and splicing assays as previously described (On-line Fig 3) . 5 A subcloning analysis revealed that these aberrant splice variants were identical to those of a previously reported case carrying a c.2442ϩ1GϾT.
5
DISCUSSION
While most genetic and metabolic brain calcifications are usually observed in the basal ganglia, thalamus, and cerebellum, 13 ,14 these regions are not typically affected in ALSP. The calcifications seen in these 9 cases of ALSP were distributed mainly in 2 regions: the frontal white matter adjacent to the anterior horns of the lateral ventricles as described previously 5 (all cases) and the parietal subcortical white matter (cases 1, 2, 4, 5, and 8). Parietal calcifications were larger than frontal calcifications in some cases (cases 2, 5). The calcifications were usually symmetric, but some level of laterality may exist. The calcifications could often be overlooked because they were extremely small; thus, thin-section CT scans would be preferable for detecting them. Indeed, no calcifications were identified during the initial evaluation of cases 7 and 9. In addition, calcifications were not identified at 4-mm section thickness, but they were visible on 1-mm sections in a previously reported case. 5 MRI T2* and/or susceptibilityweighted images that are calcium-sensitive can be used as an alternative to CT scans, but T2* imaging apparently failed to detect the calcifications in cases 2, 3, and 6, probably because of the section thickness. Given that relatively young female patients tended to be misdiagnosed F, arrows) . G-I, Case 3. FLAIR image shows frontal-dominant white matter changes bilaterally as well as in the internal capsules (G, arrows). The genu of the corpus callosum is also involved. Several diffusionrestricted lesions in the subcortical white matter can be seen around the lateral ventricles on DWI (H, arrows). These lesions demonstrate decreased signals on ADC maps (I, arrows). J, Case 4. The severity of the white matter changes is less evident than in case 3, the daughter of case 4, on the FLAIR axial image. K, Case 6. Bifrontal white matter lesions, thinning of the corpus callosum, dilation of the lateral ventricles, and cortical atrophy on FLAIR coronal image. L, Case 7. Left-side predominant white matter changes in the frontal and parietal regions and involvement in the corpus callosum on a FLAIR axial image.
as having demyelinating disorders, such as MS (cases 1-3), brain CT scans could be useful for the differential diagnosis.
The appearance of the frontal calcifications can be clearly demonstrated on the reconstructed sagittal view. They had a stepping stone appearance (Figs 1, 3, 4 , and On-line Fig 1) . Most interesting, they seemed to line up along a structure running anterior to posterior through the pericallosal region of the brain. While brain calcifications in other diseases often were observed in small vessels, 15, 16 there was no evidence of an association between these calcifications and the vessels in 1 postmortem case. 5 There was phenotypic variability seen in the families with c.2442ϩ5GϾA and p.Gly589Glu mutations. In the family with the c.2442ϩ5GϾA mutation, case 3 showed a young-onset spastic gait and fewer cognitive deficits in the early disease course, while her father (case 4) presented with dementia as an initial symptom at 58 years of age. Not only the MR imaging findings (Fig 5) but also the predominant area of calcifications was also different in both cases (Fig 3) . However, the degree of aberrant splicing was not apparently different in the 2 cases (On-line Fig 3) . In the family with the p.Gly589Glu mutation, case 7 mainly presented with cognitive decline, but pyramidal dysfunction was the most prominent feature in his sister. In addition, her disease began Ͼ10 years earlier than his. 12 The distribution of calcifications also differed. These findings suggest that the phenotype might be determined by not only a CSF1R mutation but potentially other genetic, environmental, or biologic factors, such as sex.
The most interesting finding was that case 5 had calcifications present at birth. This case indicated that ALSP should be considered in the differential diagnosis for TORCH syndrome. Furthermore, some of these calcifications seemed to decrease in size as she grew older. Given that the CSF1R is required for microglial differentiation, proliferation, and migration into the brain during embryogenesis, 17 a loss of function of CSF1R due to a CSF1R mutation might induce developmental problems in the microglia. In the fetal brain, microglia are clustered in the frontal crossroads that intersect callosal, associative, and thalamocortical fibers. 18, 19 These microglia organize axonal projections in the prospective white matter. 18 This microglial accumulation spreads along the rostocaudal axis above the immature anterior horn of the lateral ventricles. 18, 19 Because these embryonic microglial distributions are similar to those of the calcifications presented here, we assume that microglial dysfunction has a causal relationship with the development of calcifications. In addition, microglial dysfunction might lead to incomplete white matter integrity. However, the patients who had CSF1R mutations were asymptomatic until they were adults. This finding suggests that the residual wild-type CSF1R should be sufficient for function until adulthood. It also suggests that neurodegeneration of the white matter may insidiously begin and progress, but symptom onset may not occur until the middle of life. Indeed, white matter changes have been observed in elderly asymptomatic mutation carriers. 20, 21 Additionally, the calcifications may diminish while white matter pathology progresses. However, to elucidate the mechanism by which CSF1R mutations cause such unique calcifications, further investigation is still required.
CONCLUSIONS
We demonstrated a characteristic distribution of intracranial calcifications in 9 cases of ALSP. The unique distribution of the calcifications may make it possible to diagnose ALSP correctly. 
